Background. To investigate the potential immunostimulatory effect of interleukin (IL) 2 as a human immunodeficiency virus type 1 (HIV-1) vaccine adjuvant, we conducted a study of a plasmid coding for a fusion protein of IL-2 and immunoglobulin (IL-2/Ig).
PBMCs (P 5 .003; T4 vs T5) for the IFN-c ELISPOT assay. A trend to more durable cellular immune responses in T5 was observed at 1 year (T5 vs T4/D; P 5 .07). Higher anti-Env antibody responses were detected with T5 than with T4.
Conclusions. Plasmid IL-2/Ig significantly increased immune responses when administered 2 days after the DNA vaccine, compared with simultaneous administration. These observations have important implications for the development of cytokine augmentation strategies.
Clinical Trials Registration. NCT00069030.
The development of a safe and effective vaccine against human immunodeficiency virus type 1 (HIV-1) is a major goal of biomedical research and public health efforts [1] [2] [3] [4] [5] . The precise immune responses that might provide protection against HIV infection remain undefined, and multiple approaches to vaccination against HIV-1 have therefore been studied [6] [7] [8] . Evidence suggests that virus-specific cytotoxic T lymphocyte CD8 1 responses are particularly important for control of HIV-1 replication in humans [9, 10] and simian immunodeficiency virus (SIV) infection in nonhuman primates [11] [12] [13] . In addition, virusspecific CD4 1 T cell responses have also been associated with control of HIV-1 viremia [14] . One approach to developing a vaccine against HIV-1 has been to use plasmid DNA that encodes HIV antigens and stimulates T-cell and antibody responses in mice and nonhuman primates and humans [3, [15] [16] [17] [18] [19] . This approach has been safe and partially efficacious, and coadministration of plasmid-encoded immunomodulator molecules has been used to improve DNA vaccineelicited HIV-specific cellular immune responses in mice [20] .
Interleukin (IL) 2 has been evaluated as a potential adjuvant to augment immune responses in HIV infection and as a potential antitumor agent. Given its short half-life, large systemic doses of IL-2 have been used in clinical studies [21] [22] [23] . However, the in vitro half-life of IL-2 can be prolonged by fusion of IL-2 with the Fc protein of immunoglobulin G (IgG) 2 and still retain IL-2 activity. The IL-2-immunoglobulin (IL-2/Ig) fusion protein has been shown to be significantly more effective than IL-2 alone in augmenting immune responses to HIV-1 gp120 plasmid DNA in mice [24] . Augmented immune responses have also been observed with use of a plasmid DNA coding IL-2/Ig. However, these data suggested that the timing of cytokine administration may be an important variable, because the highest immune responses were seen when plasmid IL-2/Ig was administered 2 days after the HIV-1 gp120 plasmid DNA vaccine, rather than concurrently with the vaccine. A subsequent study in rhesus monkeys showed that administration of plasmid IL-2/Ig was more effective than administration of IL-2/Ig protein in augmentation of immune responses to SIV DNA vaccine [25] . Vaccination of rhesus monkeys with DNA vaccines expressing SIVmac239 gag and SHIV-89.6P env, along with either plasmid IL-2/Ig (given 48 hours after DNA vaccination) or IL-2/Ig protein, and subsequently challenge with SHIV-89.6P, resulted in a low to undetectable viral load set point and lack of clinical disease [13] . These findings provided the rationale and guidance for the experimental design of the clinical trial that we conducted.
The clinical study was designed as a randomized, doubleblind, placebo-controlled dose escalation phase I trial to determine the safety, tolerability, and immunogenicity of an HIV-1 DNA vaccine [3] administered with plasmid IL-2/Ig to HIV-1-uninfected healthy adults. The regimen of the maximum tolerated dose of plasmid IL-2/Ig administered simultaneously with the plasmid HIV-1 vaccine, was then compared with the regimen of IL-2/Ig administered 48 hours after the HIV-1 DNA vaccine.
METHODS

Participants and Study Design
The study was a multicenter, randomized, double-blind, placebo-controlled trial to evaluate the safety and immunogenicity of VRC-HIVDNA009-00-VP (DNA vaccine; Gag-Pol-Nefmulticlade Env) alone and in combination with escalating doses of VRC-ADJDNA004-IL2-VP (IL-2/Ig adjuvant) in 70 healthy HIV-negative volunteers. This study was conducted by the HIV Vaccine Trials Network (HVTN) at 7 clinical sites. The protocol was approved by the institutional review boards of all participating centers. Written informed consent was obtained from each subject before participation. This study was registered at ClinicalTrials.gov (NCT00069030).
The study schema is presented in Table 1 . Groups T1-T4 received both the DNA vaccine (4.0 mg) and IL-2/Ig at doses of 0.1 (group T1), 0.5 (group T2), 1.5 (group T3), or 4.0 (group T4) mg in a dose-escalated design to determine the maximum tolerated dose for IL-2/Ig, because this was the first use of IL-2/Ig in humans. Group T5 received 4.0 mg of the DNA vaccine followed by sequential (48 hours later) administration of the maximum tolerated dose (4.0 mg) of IL-2/Ig. A safety review was performed when an IL-2/Ig dose tier was completed before proceeding to the next dose tier. Study preparations were administered under a double-blind allocation, with participants allocated to vaccine plus adjuvant (groups T1-T5 groups), vaccine alone (group D), adjuvant alone (groups A1-A5, with dose escalation as in groups T1-T5), or saline control (group C).
Participants received vaccinations at 4 time points (0, 1, 2, and 6 months). All vaccinations were injected intramuscularly into the deltoid muscles with the Biojector 2000 Biojector Needle-Free Injection System (Bioject). Subjects were evaluated in the clinic on day 2 after each vaccination. Additional safety monitoring included assessments of a diary card for 72 hours after each vaccination; PHQ-9 screen for depression; renal function, creatine phosphokinase, hematology, chemistry, double-stranded DNA, and liver function tests; and assays for a Each group included 6 control subjects: 2 receiving only phosphatebuffered saline only (group C), 2 receiving only the DNA vaccine (group D), and 2 receiving only the adjuvant (plasmid coding for the fusion protein of interleukin 2 and immunoglobulin [IL-2/Ig]) (groups A1-A5, with doses corresponding to those for groups T1-T5). The 10 subjects per group who received placebo or plasmid IL-2/Ig only (across the 5 groups) were pooled for analysis.
b IL-2/Ig was administered simultaneously with the DNA vaccine in groups T1-T4 and 48 hours after the DNA vaccine in group T5.
the development of anti-IL-2 antibodies. The presence of anti-IL-2 antibodies in fresh serum was assessed by validated enzymelinked immunosorbent assay (ELISA), performed as described elsewhere [4] , and results were reported within 1 week of blood sampling. Reactogenicity and adverse events were graded based on the HVTN Table for Grading Severity of Adverse Experiences (http://rsc.tech-res.com/Document/safetyandpharmacovigilance/ Table_For_Grading_Severity_of Adult_Pediatric_Adverse_ Events.doc). Blood samples for assessment of immunogenicity were collected at days 42 (2 weeks after second vaccination), 70 (2 weeks after third vaccination), 182 (2 weeks after fourth vaccination), 273, 364, and 546.
Vaccine and Adjuvant
Vaccine VRC-HIVDNA009-00-VP (DNA vaccine) was composed of 4 closed circular plasmid DNA macromolecules [3] . Plasmid VRC-4306 expressed HIV-1 Gag/Pol/Nef polyproteins from clade B (50% by weight). Plasmids VRC-5305, VRC-2805, and VRC-5309 expressed HIV-1 envelope (Env) glycoprotein from clades A, B, and C, respectively (each plasmid is 16.7% by weight of the vaccine). Adjuvant The adjuvant VRC-ADJDNA004-IL-2-VP (IL-2/Ig) consisted of plasmid VRC-7000 (pVR1012 (x/s) hIL2Ig), which encoded the human IL-2/Ig fusion protein. The IL-2 was the exact native sequence without mutations. The Fc portion of IgG was incorporated to increase the avidity and serum half-life of IL-2. The IL-2/Ig fusion gene consisted of native human IL-2 fused to the Fc portion of IgG2 and has been described elsewhere [13] . It has IL-2 functional activity, divalent avidity, and a longer in vivo half-life than native IL-2. The IgG2 isotype was chosen because of its limited capacity to facilitate antibody-dependent cell-mediated cytotoxicity and complement fixation.
Control Preparation
Phosphate-buffered saline (PBS) was used as the control for both the vaccine and the adjuvant.
Laboratory Studies
Enzyme-Linked Immunospot Assays Performed on Fresh Cells HIV-1-specific cellular immune responses were assessed by interferon (IFN) c enzyme-linked immunospot (ELISPOT) assays, as described elsewhere [13, 25] . ground [26, 27] .
Intracellular Cytokine Staining Assays Performed on Cryopreserved Cells
Intracellular cytokine staining (ICS) assays were performed with flow cytometry, using previously cryopreserved PBMCs to determine both HIV-specific CD4 1 and CD8 1 T-cell responses.
The peptide sequences used were designed to incorporate the most frequent HIV 10-mers from the Los Alamos National Laboratory online database (http://www.hiv.lanl.gov/content/ sequence/HIV/mainpage.html). Nine global potential T-cell epitope peptide pools encompassing 1407 total peptides were used (3 pools each for Pol potential T-cell epitopes and Env potential T-cell epitopes, 2 for Gag potential T-cell epitopes, and 1 for Nef potential T-cell epitopes peptides) [28] [29] [30] . The potential T-cell epitopes peptide pools are not specifically matched to the sequence of the vaccine antigens. ), Con6 gp120/B (an artificial group M consensus envelope gp120 d) were purified from the culture supernatant of 293T cells infected with recombinant viruses expressing these Env genes, using methods described elsewhere [32] and p24 Gag (Protein Sciences). Serum HIV-1-specific IgG responses (1:50 dilution) against these proteins were measured on a Bio-Plex instrument (Bio-Rad). HIVIG, polyclonal IgG from HIV-1-infected subjects, was used as a positive control with a 10-point standard curve in each assay to determine equivalent antibody concentrations for each antigen.
Statistical Methods
The statistical analysis employed an intent-to-treat (ITT) principle; that is, all data from enrolled participants were used according to the initial randomization assignment, regardless of how many injections they received. A bootstrap procedurebased test adjusted for multiple peptide pools was used to determine the positivity of an ELISPOT assay response to a specific peptide pool [33] . One-sided Fisher exact tests adjusted for multiple peptide pools were used to determine the positivity of an ICS assay response to a specific peptide pool [30] . Neutralizing antibody assay response to an isolate is considered positive if the titer is $25. Binding antibody responses are considered positive if the mean fluorescence intensity (MFI) minus blank values are $732 MFI and both the MFI and the MFI minus blank values are .3 times the baseline (day 0) values. Two-sided 95% confidence intervals (CIs) for the response rates were calculated using the score test method of Agresti and Coull [34] . Differences in immunogenicity response rates and magnitudes were tested with 2-sided Fisher exact tests and Wilcoxon rank sum tests, respectively. For comparison of the response rates between treatment groups, differences were considered significant if the 2-sided 95% CI for the difference in response rates between the 2 groups excluded 0. The magnitude of the T-cell immune response was calculated by summing across the maximum responses for each potential T-cell epitope peptide pool for each protein. All reported P values were not subject to multiple-group comparison adjustment. All analyses were performed using SAS (versions 9.1.3 and 9.2) and/or R (versions 2.7 and 2.12.1) statistical software.
RESULTS
Of the 70 subjects enrolled in this study, 67% were male; 51% were white, 37% African American or multiracial, and 7% Latino/ Latina; and 60% were #30 years of age (age range, 18-40 years). All 70 volunteers received the first vaccination, 96% received the second, 87% received the third, and 70% received all 4 vaccinations. The primary reasons for discontinuation of vaccination were adverse experiences (n 5 10), largely thought to be unrelated to vaccines, and inability to receive vaccination at the scheduled time (n 5 9), largely as a result of safety pauses that were ultimately deemed to be unrelated to the study product.
Safety and Tolerability
Overall, both vaccine and IL-2/Ig were well tolerated. The most common symptoms associated with vaccination were mild pain and/or tenderness, experienced in 70% of subjects ( Figure 1A and 1B) . Overall systemic symptoms associated with vaccination were either absent or mild in .80% of subjects. Only 2 episodes of greater than moderate systemic reactogenicity were reported, including 1 episode each of malaise/fatigue in group T1 and nausea in group T5. Ten subjects (15%) had a temperature between 37.7°C and 38.6°C after a vaccination, and the remainder of subjects were afebrile after vaccination. No significant differences in local or systemic reactogenicity were noted among groups ( Figure 1A and 1B) . Fourteen serious adverse events (SAEs) were reported by 10 study volunteers; 13 were considered definitely or probably unrelated to the study preparation, and only 1 was deemed probably related (severe malaise in a subject in group T1). No significant differences in laboratory parameters were noted among groups. Anti-IL-2 antibodies were not detected.
Immunogenicity
Because only 70% of subjects received all 4 vaccinations, the primary immunogenicity analyses were directed to responses after the third vaccination by an ITT analysis. Groups T1-T3 were designed to allow rapid dose escalation of the IL-2/Ig plasmid to the target (maximum tolerated) dose of 4 mg in groups T4 and T5 and therefore to test the central question of the effect of the delay of administration of IL-2/Ig on immune responses.
HIV-1 T-Cell Responses
Response rates in fresh cells to homologous EnvA peptides matched to the vaccine antigen by IFN-c and IL-2 ELISPOT assays were 80% and 40%, respectively, in group D, 50% and 40% in T4, and 100% and 80% in T5 ( Table 2 . Almost no responses were identified to Gag, Pol, or Nef, consistent with findings of other studies using this DNA vaccine [3, 35] . A similar response pattern, though with lower response rates, was seen in ICS assays performed on cryopreserved cells. As measured by the IFN-c/IL-2 ICS assay on cryopreserved cells using global potential T-cell epitope vaccine-unmatched peptides, the rates of CD3
1 T cell response to any HIV antigen at day 70, 2 weeks after the third vaccination, were 0% for placebo with or without IL-2/Ig only, 44% for the DNA vaccine alone, 30% in group T4, and 60% in T5 (Table 3) . At day 364, response rates were 0% for placebo with or without IL-2/Ig only, 33% for the DNA vaccine alone, 25% in group T4, and 67% in T5. The magnitude of the responses in the subjects receiving the DNA vaccine was higher than in those receiving placebo with or without IL-2/Ig at day 70 (P 5 .001) and 364 (P 5 .047). The magnitude of the responses was highest in the T5 group. There is a trend to a more durable response in the T5 group compared with group D or T4 (P 5 .07 for T5 vs either D or T4). These responses were predominantly targeted against envelope proteins, and few responses were detected against Gag, Pol, or Nef. The per-protocol response rates were similar to the ITT response rates. In general, the CD4 1 cell responses were more frequent than CD8 1 cell responses. CD4 1 cell responses were observed in 4 of 9 subjects in the DNA vaccine-alone group (44.4%; 95% CI, 13.7%-78.8%), 3 of 10 in T4 (30%; 95% CI, 6.7%-65.2%), and 6 of 10 in T5 (60%; 95% CI, 26.2%-87.8%). These response rates were similar at day 364. CD8 1 cell responses were observed in 1 of 9 subjects in the DNA vaccine-alone group (11.1%; 95% CI, .3%-48.2%), 0 of 10 in T4 (0%; 95% CI, 0%-30.8%), and 3 of 10 in T5 (30%; 95% CI, 6.7%-65.2%).
HIV-1-Binding Antibodies
At day 182, binding antibodies to MN gp120 by ELISA were not detected. Using the HIV-1-binding antibody multiplex assay, low concentrations (7.4-23 lg/mL HIVIG equivalents, median magnitude) of vaccine-elicited binding antibodies were detected in most subjects receiving the DNA vaccine alone (56%) and most of those receiving the DNA vaccine plus IL-2/Ig (100% for T2, 60% for T3, 11% for T4, and 50% for T5). There were no significant differences in anti-Env response rate or magnitude between participants given DNA vaccine alone versus DNA vaccine plus any dose of IL-2/Ig (groups T1-T5 combined). However, the median concentration of anti-Env antibodies (ConSgp140) was 2.4 lg/mL (HIVIG equivalents) for T4 compared with 14.2 lg/mL (HIVIG equivalents ) for T5 (P 5 .02). The low antibody response rate and magnitude with this vaccine regimen make it difficult to robustly compare the effect of the timing of IL-2/Ig administration. However, anti-Env antibody responses seemed higher when IL-2/Ig was given 2 days after the DNA vaccine, compared with simultaneous administration. No significant HIV neutralizing antibodies were detected. Subjects in group C received only phosphate-buffered saline or the plasmid coding for the fusion protein of interleukin 2 and immunoglobulin (IL-2/Ig), those in group D received only the human immunodeficiency virus (HIV) DNA vaccine, those in T1-T4 received the HIV DNA vaccine simultaneously with escalating doses of IL-2/Ig (0.1, 0.5, 1.5, and 4 mg, respectively, for groups T1, T2, T3, and T4), and those in group T5 received IL-2/Ig 48 hours after the HIV DNA vaccine.
Abbreviations: CI, confidence interval; ELISPOT, enzyme-linked immunospot; IFN, interferon; IL, interleukin; IQR, interquartile range; PBMCs, peripheral blood mononuclear cells; SFCs, spot-forming cells. Subjects in group C received only phosphate-buffered saline or the plasmid coding for the fusion protein of interleukin 2 and immunoglobulin (IL-2/Ig), those in group D received only the human immunodeficiency virus (HIV) DNA vaccine, those in groups T1-T4 received the HIV DNA vaccine simultaneously with escalating doses of IL-2/Ig (0.1, 0.5, 1.5, and 4 mg, respectively, for groups T1, T2, T3, and T4), and those in group T5 received IL-2/Ig 48 hours after the HIV DNA vaccine. Ex vivo CD3
1 T cell responses were identified by intracellular cytokine staining using HIV-1 envelope global potential T-cell epitope peptide pools.
Abbreviations: CI, confidence interval; IFN, interferon; IL, interleukin; PBMCs, peripheral blood mononuclear cells.
DISCUSSION
These data demonstrate, for the first time, that an immunostimulatory cytokine plasmid and the timing of cytokine administration can significantly affect the immune responses elicited to a vaccine in humans. Administration of the plasmid DNA encoding IL-2/Ig given 48 hours after a plasmid DNA vaccine comprising HIV-1 clade A, B, and C envelopes and a clade B/Gag/Pol/Nef polyprotein significantly augmented T-cell responses, compared with IL-2/Ig simultaneous administration. These observations are consistent with findings from studies in murine and nonhuman primate models [13, 25] , and they have important implications for future development of cytokine therapies used to augment immune responses [36, 37] . Augmented T-cell immune responses were observed with both IFN-c and IL-2 ELISPOT assays, testing responses in fresh cells to homologous peptides from EnvA, EnvB, and EnvC. ELISPOT assays performed in frozen cells with potential T-cell epitope peptides showed a similar response pattern, albeit with lower rates of response than in fresh cells, indicating the likely increased sensitivity with the use of fresh cells and/or matched peptides in this setting [38] .
ICS assays with potential T-cell epitope peptides on frozen cells showed a trend toward a more durable response at 1 year in the IL-2/Ig group that received IL-2/Ig 48 hours after vaccination, compared with the groups that received IL-2/Ig simultaneously with the DNA vaccine or the DNA vaccine alone. These data suggest that IL-2/Ig administration 48 hours after vaccination may affect the duration as well as the magnitude of T-cell responses. CD4
1 responses were generally seen more frequently than CD8 1 responses. ELISPOT responses were largely to the envelope proteins, and few responses were seen to Gag, Pol, or Nef.
As expected with a DNA-only vaccine, the humoral responses were relatively weak. Low-level but higher antibody responses were measured in the delayed IL-2/Ig compared with the simultaneous IL-2/Ig group suggesting that cytokine timing may influence antibody responses as well. Thus, further studies with more robust vaccine-elicited antibody responses are needed to assess the impact of cytokine administration on the humoral response.
IL-2/Ig plasmid was generally safe and well tolerated given alone or in combination with the DNA HIV vaccine. Unlike experience with IL-2 given parenterally at higher doses, which can be associated with significant toxicity [39] [40] [41] , only 2 episodes of greater than moderate systemic reactogenicity were seen when IL-2/Ig was administered intramuscularly. Local reactions consisting of mild pain or tenderness at the injection site were the most commonly encountered side effects. No differences were seen in rates of local or systemic reactogenicity among the various treatment groups. The excellent safety profile of the IL-2/Ig delivered by DNA plasmid is likely to be a result of the lower dose of IL-2 delivered only to the vaccine site, probably with little systemic absorption [42] .
The observation that administration of IL-2/Ig given 48 hours after DNA vaccination augments immune responses compared with simultaneous administration of DNA vaccine and IL-2/Ig is consistent with observations in mice and monkeys. The mechanism for the augmentation effect of IL-2/Ig given 48 hours after vaccination is not known. Because the IL-2/Ig plasmid probably has peak expression 1 day after administration, with expression rapidly tapering by the second day [42] , the precise timing of IL-2 stimulation of antigen-specific cells may be a critical factor. Simultaneous administration of IL-2 and antigen may stimulate a broad cellular response, with relatively fewer antigen-specific cells stimulated by IL-2 than when IL-2 is administered 48 hours after these cells have already been stimulated by vaccine antigens. This would presumably mimic the events in natural infection, wherein IL-2 is typically secreted as part of a cytokine cascade after antigen is presented by antigen-presenting cells and triggers T cells. Therefore, it is not surprising that plasmid IL-2/Ig is most effective when delivered after the antigen. It is also possible that simultaneous administration of IL-2/Ig with vaccine antigen impairs the elicitation of the T cell responses. This further indicates the importance of the timing of cytokine administration on immune response, which was also observed in the animal models [24] . Ultimately, the mechanism is unclear, but we suspect it may be related to improved antigen presentation and T lymphocyte priming. The possibility of the adjuvant affecting T lymphocyte phenotype is of interest and worth exploring in future studies but was not specifically addressed in ours.
Taken together, these data demonstrate, for the first time in humans, that cytokine administration can augment immune responses to vaccination but that the timing of administration can have a significant effect on whether augmentation occurs. Further studies will be required to determine the optimal timing of regimens. These observations may have important implications for the design and interpretation of studies that use cytokines as adjuvants in humans [36, 37] , although it is likely that optimal timing of administration of the cytokine may be different for each cytokine and for the type of immune response sought.
Notes
